We present our measurements of the key spectroscopic properties over the temperature range of 77 K to 450 K for Nd 3+ ions doped in Y 3 Al 5 O 12 (YAG). From room to liquid nitrogen temperature (LNT), the peak absorption cross section around 808 nm increased by almost 3 times, in conjunction the bandwidth of this absorption line reduced by the same factor. At LNT the peak of the absorption line was blue shifted by 0.25 nm with respect to that at 300 K. The fluorescence spectrum between 850 nm -1450 nm was measured, from which the emission cross sections for the three main transitions were calculated. One note of particular interest for the dominant emission wavelengths around 1064nm and 1061nm ( 4 F 3/2  4 I 11/2 ) was the switch in their relative strength below 170K, and at LNT the 1061 nm line has almost twice the cross section as at 1064nm.. The fluorescence and lifetime of the upper laser level ( 4 F 3/2 ) was measured and the effective emission cross section determined by the Fuchtbauer-Ladenburg (F-L) method. The effective emission cross section for 946 nm (R 1  Z 5 ) increased by more than two times over the 300 K to 77 K range. A numerical fit for the temperature dependent emission cross section at 946 nm and 1064 nm and also calculated absorption coefficient at 808 nm pump diode laser have also obtained from the measured spectroscopic data.
INTRODUCTION
Despite many papers in the literature on the spectroscopic properties of Nd-doped yttrium aluminium garnet (YAG) [1] [2] [3] [4] , there does not appear to be a comprehensive study of the key absorption/emission lines that terminate in the upper/ground state, i.e. around 900 nm. These values are temperature dependent and for the quasi-four-level transition of interest to us we were unable to find suitable reported information. Studying the spectroscopic properties of a given gain medium provides key information required to quantify the potential laser performance of a particular transition. In this paper we present our measurements of the key spectroscopic properties over the temperature range of 77 K to 450 K for Nd:YAG, which includes a detailed look at the 4 F 3/2  4 I 9/2 transitions. We were particularly interested in the potential implications of the spectroscopy on the laser performance for the 946 nm transition, especially when cooling the gain crystal to cryogenic temperatures. The spectroscopy of Yb-doped crystals has been well studied in this regime, and subsequently exploited for power and energy scaling [5] [6] [7] . Nd 3+ has a comparable energy configuration to Yb
3+
, if you just consider the upper laser level and the ground state energy manifolds, as illustrated in Figure 1 for the YAG host medium, and actually at lower temperatures it potentially offers even better characteristics in terms of its potential for lower quantum defect operation. There are other parameters that still favour Yb 3+ however, such as its ~4 times longer 
EXPERIMENTAL METHODOLOGY

Absorption cross section measurements
We investigated the absorption cross section of 1 at.% Nd:YAG using broadband Amplified Spontaneous Emission (ASE) sources and an optical spectrum analyser (OSA), in the configuration shown schematically in Figure 2 . When investigating cryogenic temperatures the crystal was attached to a copper mount in vacuum sealed chamber, whereas the mount was fixed to a resistive oven when exploring elevated temperatures. The effective absorption cross section was determined for the R and S-level energy bands, following the notation of Carlson et al [8] , employing a highly radiant 870 nm LED (JET-870-05 Roithner Lasertechnik), and a fibre-coupled diode laser (FCDL) bar (LIMO60-F200-DL808) operating below its threshold current, respectively. The light of both sources was coupled into the a 200 m delivery fibre, the end facet of which was re-imaged midway through the crystal and then subsequently re-imaged again into a fibre patch cable (QMMJ-33-IRVIS-300/330-3-5) coupled to the OSA (ANDO AQ6317B). Our sample was anti-reflection (AR) coated on both entrance and exit faces for a wavelength of 1064 nm, and as such it was necessary to correct for the transmission of the coatings over the spectrum of the probe light. This was done by measuring the transmission of out-of-band wavelengths, e.g. 770nm and 840nm for absorption around the Nd 3+ S-levels, then normalizing the measured spectrum accordingly, assuming a linear change between these two wavelengths. The absorption cross section was then determined by measuring the absorbance and converting this value by the usual method employed in spectrometer systems.
Emission cross section measurements
For the fluorescence measurements we used a non-collinear pumping configuration, as depicted in Figure 3 . The pump source in this case was a 795 nm FCDL (Lumics LU0793T040) with a 100 m fibre diameter. We re-imaged the fibre output facet at one edge of the sample with a pumping irradiance of <1.5 kWcm -2 , weak compared to the 795 nm pump saturation irradiance of ~70 kWcm -2 , thus minimising effects such as amplified spontaneous emission compromising the measured fluorescence spectrum. The fluorescence spectrum from 850 nm -1450 nm was taken with the OSA set at a resolution set to 0.1 nm. Emission to the 4 I 15/2 energy level was not included due to the very weak branching ratio to this level and emission cross section [3, 9, 10] . The recorded fluorescence data was corrected for the spectral response of the measurement system prior to its conversion into emission cross section.
As there should be no dependence of the fluorescence lifetime on the crystal temperature, we checked that our setup did not affect the behaviour of the sample by measuring the fluorescence over the investigated temperature range. A largearea unbiased Si photodiode was used to monitor the temporal signal when the excitation source was modulated, i.e. with the same diode laser driven by a pulsed current source providing 2ms pulses with a <10 s fall time and at a 10 % duty cycle to avoid additional temperature effects. With these data we calculated the emission cross section using the Füchtbauer-Ladenburg equation:
where  is the branching ratio for a transition from i to j manifolds,  is the wavelength,  is the quantum efficiency, n( ) is the refractive index of the material, c is the speed of light, and  f is the measured fluorescence lifetime. The quantum efficiency for 1 at.% Nd:YAG was set to 0.9 [11] and the branching ratio was checked and found to be invariant with temperature [12, 13] . Figure 4 shows the derived effective absorption cross section ( a eff ) for Nd:YAG at various temperatures between 77 K and 450 K. The neodymium concentration in the test sample was confirmed by comparing the absorbance of several other crystals with different lengths and the same specified doping level. At RT a maximum value for  a eff = 6.9 +/-0.1 pm 2 was obtained at 808.7 +/-0.1 nm. As expected a decreasing crystal temperature increased the peak amplitude whilst reducing the bandwidth in equal measure, a detailed view given in Figure 4 (b). However, a small deviation from this was observed at the lower temperatures, the peak increasing to a maximum value of  a eff = 18 pm 2 around 120 K, then reduced to 16.9 +/-0.2 pm 2 at 77 K. This is attributed to the fact that this peak consists of two absorption lines from the 4 I 9/2 (Z) ground state manifold starting from the first and third Stark levels, i.e. Z 1 S 1 and Z 3 S 4 , and that the fractional population in Z 3 starts to diminish quickly below 170K, while Z 1 is gaining over the same temperature range, nearly a 2-fold increase at LNT with respect to RT.
RESULTS AND DISCUSSION
Absorption cross section
When heating the crystal sample the reverse effects to that observed in cooling were found, i.e.  a eff at 450 K is reduced to 3.8 +/-0.3 pm 2 with a broadened bandwidth, and the population in Z 1 decreased to 80 % of its RT value, while the Z 3 population fraction increased by ~15 %. The combined FWHM bandwidth decreased from ~1 nm at RT to 0.3 nm at LNT, yet at 450 K the absorption peak is so broad it was not possible to easily define a FWHM as it starts to merge with adjacent transitions. The peak wavelength blue-shifted by 0.5nm over the full measured temperature range, as shown in Figure 4( 
Emission cross section
The measured fluorescence lifetime originating from the upper 4 F 3/2 meta-stable manifold to the ground state, was found to have a mean value of 235 +/-5 s for our 1 at.% Nd:YAG sample. This was essentially constant with temperature as the measured value at each sampled temperature was within the error bounds of the experimental set-up.
The derived effective emission cross section ( e eff ) from the upper laser level to the ground state manifold, 4 F 3/2  4 I 9/2 , is shown in Figure5 for the various temperatures investigated. At the emission wavelength of 946nm (R 1  Z 5 ) the cross section increased from 3.9 +/-0.1 pm 2 to 8.4 +/-0.2 pm 2 when decreasing the sample temperature from RT to LNT, a significant increase in the potential gain for this transition, instead heating the sample up to 450 K it decreased to 2.9 +/-0.1 pm 2 , as shown in Figure 6 (a). Moreover, due to the relatively large ground state splitting (see Figure 1) , the thermal population of the Z 5 (852 cm -1 ) Stark level is 0.7 % at room temperature, which is reduced by several orders of magnitude at LNT and eliminating reabsorption loss for this transition. The 1061 nm emission cross section increased by 3.5 times (21 pm 2  78 pm 2 ) over the same temperature range, which may be a potential limitation in terms of parasitic ASE or laser action, frustrating the available gain with respect to the weaker 9xx nm transitions. At 450 K the measured emission cross section for 1061 nm is 12 pm 2 , half of that at for 1064 nm, i.e. 24.5 pm 2 . The strongest transition from 4 F 3/2 to 4 I 11/2 is at 1064 nm for temperatures above 230 K, which is due to the combination of two overlapped lines, i.e. R 2  Y 3 and R 1  Y 2 , which we were able to isolate as shown in Figure 6 (b).
It is necessary to measure with high accuracy the fluorescence spectrum to be able to perform a good Lorentzian fit of the these two spectroscopic transitions, given that the FWHM bandwidth of the overlapped 1064 nm lines is ~5 cm -1 . The position of the R 1 and R 2 energy levels were determined by measuring the room temperature emission wavelength at 869 nm (Z 1 R 2 ) and 875 nm (Z 1 R 1 ), while the energy levels at Y 2 [14] . One note of particular interest for the dominant emission wavelengths around 1064 nm and 1061 nm ( 4 F 3/2  4 I 11/2 ) was the switch in their relative strength below 170 K. Primarily driven by the Boltzmann occupation factor of the upper level, in addition to the fact that the R 2  Y 3 and R 1  Y 2 transitions, which overlap at 300 K are well separated at lower temperatures. On the contrary the 1061 nm transition is the R 1  Y 1 emission line and therefore has an increasing upper level population with lowering temperature. This was also reported by Cho et. al. who obtained dual wavelength operation of Nd:YAG at cryogenic temperatures [15] .
Polynomial fit to the emission and absorption cross section
The peak amplitude of the  e eff is the primary concern for laser designs, as such if a simple function can describe the evolution of the peak  e eff as a function of temperature then it will simplify modelling requirements. We have taken the peak  e eff values at several temperatures for the main transitions, i.e. for 946 nm over 77 K to 450 K, and for 1064 nm 300 K to 450 K (the combination of R 2 -Y 3 and R 1 -Y 2 ). Eq. (2) is a general second order polynomial equation, which was found to give the best fit for describing the temperature dependent effective cross sections for either emission or absorption; 
Where e 0 , e 1 and e 2 are the Taylor expansion coefficients, T 0 is the reference temperature. T 0 is set to 77 K for 946 nm and 808 nm, and 300 K for 1064 nm. Table 1 summarizes the fitting parameters within the measured temperature range. Figure 7 plots the polynomial fit with the data, which are found to be within an error range (+/-5 %) for all transitions. In the case of absorption, it is more useful to have the effective absorption coefficient for a crystal temperature between 77 K to 450 K. As such, the absorption coefficient was determined with respect to a measure diode laser spectrum, Figure 8 (a), and a narrowband (<0.2 nm) pump, using the measured temperature dependent absorption cross sections. To do this we made a numerical shift of the actual diode laser spectrum, equivalent to temperature tuning the diode laser wavelength, to find the optimum absorption value. A polynomial fit to the calculated values was made, the coefficients listed in Table 1 and the resulting function plotted in Figure 8 (b). Clearly there is a very different response for the broadband diode laser spectrum in comparison to a narrowband pump, associated with the narrowing of the spectral bands of Nd:YAG, such that the absorption coefficient increases significantly for the latter, but is the opposite for a typical diode laser array pump. Consequently for efficient operation with diode laser pump sources, line-narrowing techniques, e.g. volume Bragg gratings, could prove essential.
(a) (b) Figure 7 Change of peak normalized emission cross section and rate of change for (a) 946nm and (b) 1064nm 
CONCLUSIONS
A detailed study of the ground state absorption and 4 F 3/2 emission of 1 at.% Nd:YAG was realized for a range of crystal temperatures, i.e. 77 K to 450 K. At LNT the peak of the absorption line at 808nm more than doubled compared to that at RT, yet the total absorption for a typical laser diode spectrum would actually decrease in line with the absorption bandwidth, decreasing to 30 % of the RT value. The emission cross section for the 946 nm transition also increased by more than a factor of two, going from RT to LNT, which provides significantly more gain for this wavelength mitigating one of its RT limitations. A polynomial function was derived for the temperature dependent cross sections of the transitions of interest (946 nm and 1064 nm) that will provide a useful simple relation for future modelling work on this laser system.
Further power-scaling of the quasi-four level Nd:YAG laser is planned, which requires a thorough understanding of the gain and absorption characteristics of the cryogenically cooled gain medium, and will drive the appropriate design strategies with regard to its geometry and how to mitigate residual thermal effects.
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